a-Synuclein (as) is a 140-residue protein abundantly present in the Lewy bodies characteristic of Parkinson's disease. It is a member of the class of intrinsically disordered proteins (lOPs) that have unusual properties and whose physiological relevance is becoming increasingly recognized.[41 lOPs lack a welldefined three-dimensional fold and display remarkable conformational flexibility. This property potentially enables them to be promiscuous in their interactions and to adapt their structure according to the needed function. In the case of as, the protein is capable of adopting a ~-sheet structure in the amyloid fibrils constituting the Lewy bodies and an a-helical structure in the membrane bound form. The exact physiological role of as has yet to be determined, but membrane binding seems to be important for its function.[S-81 As a consequence, the membrane bound form has received considerable attention in the last several years.
It is generally accepted that upon binding to membranes as adopts an amphipathic, a-helical structure involving residues 1 -100.[9-151 The exact arrangement of the helix on the membrane surface is, however, controversial. The NMR structure of as bound to SOS micelles revealed a break in the helix, resulting in two anti parallel alpha-helices (horseshoe model, ameter 5 nm
( 1 71 ) used in these studies may have artificially constrained the protein into a horseshoe structure, and subsequent studies were performed on small unilamellar vesicles (SUVs) and bicelles. Of the eight studies published on this issue to date, three support the horseshoe[18-20 1 conformation, and five the extended[s. 21-24 1 conformation, despite using similar experimental techniques and often with only slight variations in experimental conditions. There can be several reasons for the apparent discrepancies. The protein could be sensitive to the exact experimental conditions, accessible distance ranges of the method could limit the observation to only one of the forms and incomplete binding could aggravate the uncertainty.
Herein we present evidence that the horseshoe configuration is also found on larger vesicles, and that under these conditions as coexists in a superposition of both horseshoe and extended forms shown in Figure 1 .
The vesicles used herein were large unilamellar vesicles (LUV, 100 nm in diameter) of the negatively charged lipid POPG {l -Palmitoyl-2-0Ieoyl-sn-Glycero-3-[Phosphorac-(l -glycerol)]}. It has been shown that as binds most effectively to negatively charged membranes consistent with the exposure of positively charged amino acid residues in the helical section of the N-terminus of as.[131 The POPG LUVs are stable upon addition of as and continuous wave (cw) EPR on singly labelled as, according to an approach described before,[201 which showed that, under the conditions used here, quantitative binding is achieved. Quantitative binding was also confirmed by fluorescence correlation spectroscopy (FCS) [Supporting Information]. Furthermore, no evidence for aggregates or oligomers of as on the membrane, such as those observed for as on POPG SUVSPSI was found under the conditions of the present investigation (Supporting Information).
In order to monitor the structure of membrane-bound as, a set of double cysteine mutants was specifical ly labelled with MTSL [l-oxyl-(2,2,S,S-tetra methylpyrroli ne-3-methyl)methan ethiosulfonatel, using the site-directed spin labelling approach pioneered by Hubbell et a1. 1 26 ) Spin labels were attached at positions 9 and 69 (aS9/69), aS9/90, aS18/69, aS18/90, and aS27/56 as indicated in Figure 1 . Distances between the spin labels were obtained by the pulsed, two-frequency EPR method known as double electron-electron resonance (DEER},127) which, in principle, provides access to distances between 1.5 nm and 8 nm. 1 28 ) Distances below 1.5 nm were excluded by cw EPR for all double mutants (Supporting Information). The DEER data were analyzed (Supporting Information) to extract the model-free distance distributions. For aS9/69, aS9/90, as 18/69, and as 18/90 these distributions are well described by a single Gaussian, the parameters of which are given in Table 1 In contrast to the other mutants, the DEER time trace (Figure 2A) for the aS27/56 mutant cannot be described by a single Gaussian. A model-free analysis using l1khonov regu larisation results in the distance distribution depicted in Figure 2 B (black line), which clearly consists of two contributions (see the Supporting Information for the L-curve). This model-free distance distribution is well described by two Gaussians, and fits of the DEER time traces with a superposition of two Gaussian distance distributions lead to similar final parameters (Supporting Information), confirming that the analysis is model-independent. The shorter-distance Gaussian agrees well with the expected distance of 2.7 nm for the horseshoe conformation derived from the NMR structure (pdb access code 1 XQ8}113) while the longer-distance Gaussian is consistent with the 4.9 nm expected for an extended a-helix. This can only be explained if horseshoe and extended forms coexist under the membrane conditions employed herein.
To determine how this observation ties in with the results on the remaining mutants, we analyzed the fraction of spin pairs, which is obtained from the modulation depth of the DEER time trace. The fraction of spins obtained from mutants aS9/69, aS9/90, as 18/69, and as 18/90 (Supporting Information) is significantly smaller than 100%, whereas for aS27/56 the two Gaussian distance distributions combine to almost 100%. Thus it is only for this mutant, for which two distances ,are observed and attributed to the horseshoe and extended forms that the modulation depth accounts for all protein present. We therefore conclude that for the first four mutants a significant fraction of the proteins are in the extended form,ls; [22] [23] [24] and therefore escape detection. The amount of these "missing spins" is notoriously difficult to quantify. In addition to the proteins in the extended form, that is, with a distance larger than the measurement range, this population also contains proteins that have only one functional spin label and possibly as that is not bound to the membrane (Supporting Information). Even under our conditions, an uncertainty of 15 % in these values cannot be avoided (Supporting Information), underlining the need to measure both conformations, which is only possible for the aS27/56 mutant in our case. The presence of the horseshoe conformation on the LUVs revealed by all five mutants investigated herein clearly shows that this conformation is stable on intact large vesicles, and is therefore not likely to be an artifact induced by the small size of SUVs or micelles. Consequently it can be considered a physiologically relevant structure on two-dimensional membranes. The fraction of the horseshoe conformation is significantly smaller than that of the extended conformation, however, which reveals a preference for the extended form. We have [29] and references therein), the simultaneous presence of both forms emphasizes the flexibility of as. 1 The results obtained herein demonstrate that the challenges of structure determination for intrinsically disordered proteins derive not only from the flexibility of these proteins, but also from the sensitivity of the structures to subtle details of the environment. We speculate that for as on membranes, the range of conformations found is not an artifact, but a manifestation of the energetic proximity of these conformations, an attribute that could be relevant for the function of as on the membrane.;
Experimental Section
DEER experiments were performed using a Bruker Elexsys E5BO xBand spectrometer. Data were analysed using DEERAnalysis 200B.1 and model-free Tikhonov regularization.131 .321 For details of sample preparation, measurements and analysis, see the Supporting Information.
